Introduction
============

The ubiquitin--proteasome system (UPS) plays a vital role in protein degradation involved in many cell events, including cell cycle progression, apoptosis, drug resistance, angiogenesis, and cell differentiation.[@b1-dddt-12-1525]--[@b5-dddt-12-1525] In addition, many studies have also found that UPS plays a critical role in tumor cell survival;[@b6-dddt-12-1525],[@b7-dddt-12-1525] thus, targeting the UPS is a novel treatment strategy for anticancer therapy.[@b5-dddt-12-1525] Two major steps are involved in the UPS process: the first step is called the ubiquitination that involves the covalent attachment of ubiquitin(s) to its protein substrate and the second step involves the degradation of the substrate by 20S proteasome.[@b8-dddt-12-1525] Increased 26S proteasome levels and proteasome activity have been detected in several different kinds of malignancies.[@b9-dddt-12-1525]--[@b11-dddt-12-1525] In addition, high proteasome activity has been found to maintain cancer cell survival because it might aid in protecting against apoptosis pathways and ridding the cell of damaged proteins.[@b9-dddt-12-1525] As a result, targeting the proteasome pathway could provide the possibility of developing new opportunities in cancer therapy.

In the past decades, two proteasome inhibitors (PIs), bortezomib and carfilzomib, have been approved for use in relapsed and refractory multiple myeloma (RRMM) due to their overall survival benefits.[@b12-dddt-12-1525],[@b13-dddt-12-1525] However, the UPS has also been involved in maintaining the normal functioning of cardiac myocytes. Thus, inhibition of proteasome function might lead to cardiac insufficiency. Indeed, cardiac toxicities related to PIs have been reported in several published studies. In their meta-analysis, Xiao et al found that the pooled incidence of all-grade and severe cardiotoxicity related to bortezomib in cancer patients was 3.8% and 2.3%, respectively, although there was no significantly increased risk of cardiotoxicity with bortezomib.[@b14-dddt-12-1525] Carfilzomib is a highly selective PI that selectively and irreversibly inhibits the chymotrypsin-like activity of the 20S proteasome. In addition, carfilzomib is structurally and mechanistically distinct from bortezomib. Therefore, the cardiac toxicities associated with carfilzomib might be different. However, to our best knowledge, there has been no systematic review to comprehensively assess the cardiotoxicity related to carfilzomib. Therefore, we performed this research to determine the potential cardiotoxicity risk in RRMM patients treated with carfilzomib.

Methods
=======

Data source
-----------

Several databases including PubMed, Web of Science, and Cochrane Library were searched for relevant trials. The search key words were carfilzomib, Kyprolis, PR-171, clinical trials, and multiple myeloma (MM). In addition, relevant articles in the reference lists of recent meta-analyses that investigated targeted agents in RRMM patients were also searched. To avoid duplication, only the most complete, recent articles were considered for analysis. All results were input into Endnote X8 reference software (Thomson Reuters, Toronto, ON, Canada) for duplication exclusion and further reference management.

Clinical end point
------------------

Cardiac toxicities were defined by the National Cancer Institute's Common Terminology Criteria for Adverse Events during a clinical trial as a result of exposure to an experimental drug, which had been widely used in cancer clinical trials.[@b15-dddt-12-1525] The following adverse outcomes were considered as cardiotoxic events: left ventricular ejection fraction decline or dysfunction, congestive heart failure (CHF) (not specified), and ischemic heart disease (IHD).

Study selection
---------------

The primary objective of the present study was to evaluate the association between carfilzomib treatment and treatment-related cardiac toxicities in RRMM patients; therefore, only prospective Phase II and Phase III trials evaluating carfilzomib in RRMM patients with adequate data on cardiotoxicity were incorporated in the analysis. Phase I trials were omitted due to multiple dose levels and limited sample sizes. Clinical trials that met the following criteria were included: prospective Phase II and Phase III clinical trials in RRMM patients treated with carfilzomib and available data regarding the incidence and causes of cardiac toxicities.

Data extraction
---------------

Two investigators independently conducted data abstraction, and any discrepancy between the reviewers was resolved by consensus. The following information was extracted from each study: first author's name, year of publication, phases of trials, number of enrolled subjects, treatment arms, number of patients in the treatment and control groups, median age, median progression-free survival, adverse outcomes of interest (cardiotoxicity), and dosage of carfilzomib.

Statistical analysis
--------------------

The primary summary measures were incidence, Peto ORs, and corresponding 95% CIs. All statistical analyses were performed using Open MetaAnalyst software version 4.16.12 (Tufts University). For the calculation of incidence, the number of patients with cardiac toxicities in the carfilzomib group and the total number of patients receiving carfilzomib were extracted; the proportion of patients with cardiac toxicities and 95% CIs were derived for each study. To calculate Peto ORs, patients assigned to carfilzomib were compared only with those assigned to the control treatment in the same trial. We used the Peto method to calculate ORs and 95% CIs because this method provided the best CI coverage when dealing with low event rates.[@b16-dddt-12-1525] Between-study heterogeneity was estimated using the *χ*^2^-based *Q* statistic.[@b17-dddt-12-1525] Heterogeneity was considered statistically significant when *P*~heterogeneity~ was \<0.1. The presence of publication bias was evaluated using the Begg's and Egger's tests.[@b18-dddt-12-1525],[@b19-dddt-12-1525] A statistical test with a *p*-value \<0.05 was considered significant.

Results
=======

Search results
--------------

We performed the systematic review and meta-analysis in accordance with the PRISMA statement.[@b20-dddt-12-1525] Our initial search yielded 255 potentially relevant reports. After excluding review articles, Phase I studies, case reports, meta-analyses, and observation studies, a total of eight prospective clinical trials, included three Phase III[@b21-dddt-12-1525]--[@b23-dddt-12-1525] and five Phase II trials,[@b24-dddt-12-1525]--[@b28-dddt-12-1525] were included ([Table 1](#t1-dddt-12-1525){ref-type="table"}). In total, 2,607 RRMM patients were pooled for analysis. A flowchart showing the study selection process is shown in [Figure 1](#f1-dddt-12-1525){ref-type="fig"}. The baseline characteristics of patients and included studies are shown in [Table 1](#t1-dddt-12-1525){ref-type="table"}.

Overall incidence of cardiotoxicity
-----------------------------------

For the incidence analysis, we considered arms receiving either carfilzomib monotherapy or carfilzomib-based combination. A total of 2,607 MM patients were available for analysis. The reported all-grade CHF incidence ranged between 3.8% and 8.2%. The pooled incidence of all-grade CHF in RRMM patients was 5.6% (95% CI: 4.3%--6.9%; [Figure 2A](#f2-dddt-12-1525){ref-type="fig"}). There was significant heterogeneity among included trials; thus, we performed the meta-analysis using a random effects model. As for all-grade IHD, a total of 1,126 patients from three trials were included. All-grade IHD incidence ranged between 0.8% and 5.8%. The overall incidence of all-grade IHD in RRMM patients treated with carfilzomib was 2.7% (95% CI: 1.1%--6.7%; [Figure 2B](#f2-dddt-12-1525){ref-type="fig"}).

Relative risk of cardiotoxicity
-------------------------------

Three randomized studies were available to calculate the Peto OR of all-grade and high-grade CHF in RRMM patients assigned to carfilzomib versus controls in the same trial. The present study showed that the summary Peto OR of all-grade and high-grade CHF in carfilzomib versus controls arms was 2.33 (95% CI: 1.56--3.48, *p*\<0.001; [Figure 3A](#f3-dddt-12-1525){ref-type="fig"}) and 3.22 (95% CI: 1.84--5.61, *p*\<0.001; [Figure 3B](#f3-dddt-12-1525){ref-type="fig"}), respectively, suggesting a nearly three times higher risk of developing CHF associated with carfilzomib compared with controls. The test for heterogeneity was not significant (*I*^2^=29%, *p*=0.24 and *I*^2^=0%, *p*=0.38, respectively).

Two randomized trials were available to calculate the Peto OR of all-grade and high-grade IHD. The present study showed that the summary Peto OR of all-grade and high-grade IHD in experimental versus control arms was nonsignificant (all-grade: Peto OR 1.31, 95% CI: 0.79--2.18, *p*=0.30; high-grade: Peto OR 1.41, 95% CI: 0.73--2.72, *p*=0.31). The test for heterogeneity was not found to be significant (*I*^2^=30%, *p*=0.25 and *I*^2^=0%, *p*=0.70, respectively).

Discussion
==========

MM is a clonal neoplastic proliferation of plasma cells in the bone marrow associated with the production of monoclonal immunoglobulins in the blood or urine. Although great advances have been achieved by the introduction of novel drugs, a majority of MM patients eventually relapse, and the prognosis of these patients who are refractory to immunomodulatory drugs and/or bortezomib is very poor, highlighting the need for additional agents. In the past years, carfilzomib has been approved for use in heavily pretreated MM patients due to its survival benefits. However, the risk of cardiac toxicities is a serious concern with the increased application of carfilzomib in the treatment of RRMM patients.

As far as we know, our study is the first meta-analysis to specially assess the risk of cardiac toxicities in RRMM patients treated with carfilzomib. With available evidence from published clinical trials, the present research included 2,607 MM patients from eight prospective clinical trials. Our pooled results suggested that the incidence of all-grade CHF and IHD related to carfilzomib was 3.8% (95% CI: 2.6%--5.6%) and 2.3% (95% CI: 1.6%--3.5%), respectively. In addition, we found that the use of carfilzomib was associated with a significantly increased risk of developing all-grade (Peto OR 2.33, *p*\<0.001) and high-grade (Peto OR 3.22, *p*\<0.001) CHF when compared with controls, whereas there was no significantly increased risk of developing all-grade (Peto OR 1.31, *p*=0.30) and high-grade (Peto OR 1.41, *p*=0.31) IHD in RRMM patients receiving carfilzomib. However, only two prospective randomized controlled trials were included to investigate the risk of IHD associated with carfilzomib; thus, the power to investigate the risk was small. Nevertheless, as carfilzomib is used extensively in the routine treatment of RRMM patients, it is important for physicians to recognize the risk of CHF including cardiac ischemia during the administration of carfilzomib therapy, especially for patients with preexisting coronary cardiac disease. Further studies are recommended to determine the risk factors and underlying mechanisms for risk reduction. In addition, the risk of cardiac toxicities might be varied according to the length of carfilzomib treatments. Data on the length of treatment are reported in three randomized controlled trials. The result indicates that the relative risk of cardiac toxicities is not significantly associated with the duration of carfilzomib treatment. The highest risk of cardiac toxicities is observed in the trials conducted by Hajek et al,[@b21-dddt-12-1525] but the treatment duration of carfilzomib is shorter than the other trials ([Table 1](#t1-dddt-12-1525){ref-type="table"}).

As proteasome plays a critical role in the myocardium, particularly in the context of cardiac stress, an elevated risk of cardiovascular toxicity has been observed with other PIs, including bortezomib. Because carfilzomib is a more potent, irreversible PI, its use could pose a greater cardiovascular risk when compared to bortezomib. A direct comparison of cardiovascular toxicities between carfilzomib and bortezomib is available in the ENDEAVOR trial.[@b22-dddt-12-1525] In that trial in the setting of relapsed/refractory disease, cardiac event of any grade was reported in 12% of patients in the carfilzomib arm compared with 4% in the bortezomib arm.

Currently, the detailed mechanism of cardiotoxicity associated with carfilzomib is still unknown. Several different theories regarding the pathogenesis of cardiotoxicity have been postulated. It has been found that reduced proteasome activity might increase apoptosis in smooth muscle cells, leading to atherosclerotic plaque instability.[@b29-dddt-12-1525],[@b30-dddt-12-1525] This could increase the propensity of the atherosclerotic plaque to rupture, which may lead to ischemic complications. In addition, in an in vitro study, bortezomib has been found to cause significant structural abnormalities in the mitochondria of the cardiomyocytes, which could result in reduced cardiac contractility.[@b31-dddt-12-1525] As a result, PIs treatment might be associated with significant left ventricular contractile dysfunction.

According to carfilzomib prescribing information, close monitoring is recommended for patients with signs or symptoms of cardiac events including heart failure, myocardial infarction, IHD, and hypertension. If patients experience a grade 3 or 4 cardiac event, carfilzomib should be held until resolution to grade 1, and a dose reduction may be necessary if therapy is continued. Patients with a cardiac history or advanced age (≥75 years) should be closely evaluated prior to and while receiving carfilzomib.

Several limitations are needed to be considered in this analysis. First, our study is a meta-analysis of published data but not a meta-analysis of individual patient data. Thus, patient variables could not be incorporated into the analysis. Second, studies included in our analysis are conducted at various institutions by distinct investigators and may have potential bias in reported incidences or specifications of cardiac toxicities. Finally, cardiac toxicities are not the primary end point in all included trials, and the process of attribution of cardiac toxicities' causality might be a potential source of bias.

Conclusion
==========

The present research shows that the use of carfilzomib in RRMM patients significantly increases the risk of developing CHF but not IHD in comparison with controls. It is important for physicians and patients to appropriately recognize the risks as well as the benefits associated with carfilzomib treatment with regular monitoring of cardiac toxicities during the treatment.
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###### 

Baseline characteristics of included trials

  Study                                 Phase   Total   Treatment regimens                                     Median age (years)   Median PFS (months)   Median duration of carfilzomib
  ------------------------------------- ------- ------- ------------------------------------------------------ -------------------- --------------------- --------------------------------
  Siegel et al[@b27-dddt-12-1525]       II      266     Carfilzomib 20/27 mg/m^2^                              63                   15.6                  3.0
  Vij et al[@b26-dddt-12-1525]          II      164     Carfilzomib 20 mg/m^2^                                 65                   NR                    7.0
  Jagannath et al[@b28-dddt-12-1525]    II      46      Carfilzomib 20 mg/m^2^                                 63.5                 3.5                   NR
  Badros et al[@b25-dddt-12-1525]       II      50      Carfilzomib 20 mg/m^2^ followed by 27 mg/m^2^          64                   NR                    NR
  Korde et al[@b24-dddt-12-1525]        II      45      Carfilzomib 20/36 mg/m^2^+lenalidomide+dexamethasone   60                   NR                    16
  Dimopoulos et al[@b22-dddt-12-1525]   III     929     Carfilzomib 20 mg/m^2^+dexamethasone                   65                   18.7                  9.3
  Bortezomib+dexamethasone              65      9.4     6.3                                                                                               
  Hajek et al[@b21-dddt-12-1525]        III     315     Carfilzomib 20 mg/m^2^                                 63                   3.7                   3.8
  Low-dose corticosteroids              66      3.3     2.5                                                                                               
  Stewart et al[@b23-dddt-12-1525]      III     792     Carfilzomib 20 mg/m^2^+lenalidomide+dexamethasone      64                   26.3                  20.5
  Lenalidomide+dexamethasone            65      17.6    13.3                                                                                              

**Abbreviations:** PFS, progression-free survival; NR, not reported.
